In the crystal structure of a calmodulin (CaM)-bound FMN domain of human inducible nitric oxide synthase (NOS), the CaM-binding region together with CaM forms a hinge, and pivots on an R536(NOS)/E47(CaM) pair (Xia et al. J Biol Chem 284:30708-30717, 2009). Notably, isoform-specific human inducible NOS S562 and C563 residues form hydrogen bonds with the R536 residue through their backbone oxygens. In this study, we investigated the roles of the S562 and C563 residues in the NOS FMN-heme interdomain electron transfer (IET), the rates of which can be used to probe the interdomain FMN/heme alignment. Human inducible NOS S562K and C563R mutants of an oxygenase/FMN (oxyFMN) construct were made by introducing charged residues at these sites as found in human neuronal NOS and endothelial NOS isoforms, respectively. The IET rate constant of the S562K mutant is notably decreased by one third, and its flavin fluorescence intensity per micromole per liter is diminished by approximately 24 %. These results suggest that a positive charge at position 562 destabilizes the hydrogen-bondmediated NOS/CaM alignment, resulting in slower FMNheme IET in the mutant. On the other hand, the IET rate constant of the C563R mutant is similar to that of the wildtype, indicating that the mutational effect is site-specific. Moreover, the human inducible NOS oxyFMN R536E mutant was constructed to disrupt the bridging CaM/NOS interaction, and its FMN-heme IET rate was decreased by 96 %. These results demonstrated a new role of the isoform-specific serine residue of the key CaM/FMN(NOS) bridging site in regulating the FMN-heme IET (possibly by tuning the alignment of the FMN and heme domains). 
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Introduction
Nitric oxide synthases (NOSs) are the enzymes responsible for nitric oxide (NO) biosynthesis in mammals. NO functions in key physiological processes, including neurotransmission and blood pressure regulation [1, 2] . The NOS enzyme is tightly regulated. Deviant NO production by NOS clearly contributes to an increasing number of human diseases, including cancer, hypertension, and ischemic injury caused by stroke [2] [3] [4] . Selective NOS modulators are required for therapeutic intervention because of the ubiquitous nature of NO in human physiological processes, and the fact that three NOS isoforms are each capable of producing NO in vivo. It is challenging to design selective NOS inhibitors because of high active site conservation among the NOS isoforms [5] [6] [7] [8] . Clinical agents that directly and selectively modulate NOS isoform activity remain elusive. Mammalian NOS is a homodimeric flavohemoprotein. Each subunit contains a C-terminal electron-supplying reductase domain with binding sites for NADPH (the electron source), FAD, and FMN, and an N-terminal catalytic heme-containing oxygenase domain. The substrate, L-arginine (L-Arg), and a cofactor, (6R)-5,6,7,8-tetrahydrobiopterin (H 4 B), both bind near the heme center in the oxygenase domain [9] . The oxygenase and reductase domains are connected by a calmodulin (CaM)-binding region, occupation of which is required for electron transfer from the reductase domain to the oxygenase domain. In the Ca 2? -independent inducible NOS (iNOS) isoform, the linker is bound to CaM tightly (but reversibly [10] ). In contrast, in neuronal NOS (nNOS) and endothelial NOS (eNOS), the CaM binding is dependent on the Ca 2? concentration [11] . CaM binding to eNOS/nNOS acts as a ''molecular switch'' to enable electron flow from the flavin cofactors in the reductase domain to the heme [12] [13] [14] and thus to activate NO production.
There are crystal structures available for truncated NOS domains, including the oxygenase domains of each of the NOS isoforms [9, 15, 16] , rat nNOS reductase constructs [17, 18] , CaM-bound human iNOS FMN domain [19] , and CaM bound to peptides corresponding to the CaM-binding regions in eNOS [20] , nNOS and iNOS. These crystal structures provide important information on the control mechanism of NO synthesis by NOS. However, no structures of the complete NOS holoenzyme are available; this is likely due to dynamic structural rearrangements and domain motions during NOS catalysis (see below).
The NOS interdomain electron transfer (IET) processes couple the reactions in the domains, and thus represent the key steps in NOS function [11, 21, 22] . Tight coupling of the enzyme is important for normal cardiovascular function and prevention of disease, because uncoupled or partially coupled NOS results in synthesis of reactive oxygen species, such as superoxide and peroxynitrite [23] [24] [25] . In particular, the CaM-controlled intersubunit FMN-heme IET is essential for coupling the electron transfer in the reductase domain with the NO synthesis in the catalytic heme domain [14] , and it is thus of current interest to study the CaM-dependent FMN-heme IET in the NOS isoforms [21, [26] [27] [28] . The effect of CaM binding on redox potentials of NOS cofactors is a matter of debate. It has been shown that CaM binding has little effect on the thermodynamics of redox processes in NOS [29] [30] [31] . On the other hand, CaM binding was reported to substantially shift the redox potentials of flavin cofactors in an NOS reductase construct [32] . Nonetheless, it is generally accepted that the regulation by CaM is accomplished dynamically through controlling redox-linked conformational changes required for effective IET. A laser flash photolysis approach, recently developed by us [33] , has been used for direct determination of the rates of the NOS FMN-heme IET between catalytically significant redox couples of the two centers in oxygenase/FMN (oxyFMN) constructs [33] [34] [35] [36] [37] [38] and fulllength NOS enzymes [35, 39, 40] .
How surfaces of CaM interact with the NOS domains remains enigmatic, and is mechanistically important in CaM-regulated NOS function. An ''FMN-domain tethered shuttle'' model ( Fig. 1) was recently proposed by Ghosh and Salerno [34, 41] , and is strongly supported by our IET kinetics [33-35, 37-39, 42] and spectroscopic [43, 44] studies and those of others [45] [46] [47] [48] [49] [50] [51] [52] . In this model, eNOS/ nNOS catalysis requires shuttling of the FMN domain between its structurally different electron-accepting (input) and electron-donating (output) states. In the two states, the FMN domain is engaged in distinctly different interdomain interactions, and the module swings back and forth to contact the flavodoxin/NADPH reductase module and the NOS heme domain. The CaM binding is important in the eNOS/nNOS activation as it (1) allows the conversion of the two states to occur, and (2) facilitates the proper alignment of the FMN and heme domains in the output state [21, 35, 39] . Moreover, emerging evidence indicates that the requirement of CaM for iNOS is associated with proper alignment of the FMN and heme domains in the output state [35, 38, 53] . Our kinetics studies indicate that the iNOS holoenzyme remains mainly in its input state, and that the basic control mechanisms acting in the NOS isoforms are similar [35] .
Whereas interprotein interaction sites between CaM and the CaM-binding linkers of eNOS [20] , iNOS, and nNOS have been resolved, there is only one structure for CaM in complex with the FMN domain of human iNOS (Fig. 2 ) [19] . In the structure, the only interprotein interactions between the iNOS FMN domain and CaM involve conserved R536 of iNOS, which forms a salt bridge with E47 of CaM and forms hydrogen bonds with backbone oxygens of S562 and C563 in the FMN domain (Fig. 2a) . The R536/E47 ionic bond was predicted to regulate the IET from FAD to FMN and from FMN to heme by adjusting the relative orientation and distance among the three redox cofactors [19] . Indeed, kinetics studies of nNOS mutants at the conserved Arg demonstrated that the Arg(NOS)-Glu(CaM) bridging interaction is a key factor that enables CaM to activate nNOS [54, 55] . Importantly, the hydrogenbond-forming residues S562 and C563 in human iNOS are isoform-specific among the NOS isoforms ( Fig. 2b) : they are Lys and His, and Arg and Lys for human nNOS and eNOS, respectively. Here, at least one positively charged residue exists at these two positions in eNOS and nNOS, whereas the residues are both neutral in iNOS. We thus propose that the charged residues in eNOS/nNOS may likely interfere with the bridging Arg-Glu ionic bond (and disturb the hydrogen-bond network); the human iNOS S562 and C563 residues may be involved in alignment of CaM/FMN(NOS) domains, and ultimately, the NOS FMN/ heme domains.
In this study we have investigated the role of the isoform-specific hydrogen-bond-forming residues S562 and C563 of human iNOS in the FMN-heme IET process. We utilized a bidomain NOS oxyFMN construct, in which only the oxygenase and FMN domains, along with the CaM-binding region, are present [56] . The homologous dimeric oxyFMN construct is a minimal electron transfer complex designed to favor the interactions between the FMN and heme domains [56] . Biochemical studies showed that the oxyFMN construct is a validated model of the NOS output state [33, 34, 43, 56] . We designed and constructed human iNOS oxyFMN mutants of S562K (by introducing the positively charged residue in human nNOS; Fig. 2b ), and C563R (to study if the charge at the equivalent C563 site in human eNOS induces a similar effect). The R536E mutant was also constructed to disrupt the bridging CaM/NOS interaction. The FMN-heme IET rates and fluorescence spectroscopic properties of the mutants were determined to probe the mutational effect on the interdomain FMN/heme alignment. This is based on the fact that (1) rate of the FMN-heme IET measured by laser flash photolysis can be used as a probe for the formation of the interdomain FMN/heme complex [21] , and (2) NOS flavin fluorescence is a sensitive probe of the environment of the FMN cofactor. The results provide new insight into role of the isoform-specific residue S562 of the bridging Arg(NOS)-Glu(CaM) site in modulating the iNOS FMN-heme IET. ions are gray spheres. The CaM-binding region together with CaM forms a hinge, and pivots on an R536(NOS)/E47(CaM) pair. In full-length iNOS, the dimer of the heme domain (which does not exist in the crystal structure) is connected to the other end of the CaM-binding linker. b Human NOS isoform sequence alignment of the region near the conserved R536 (highlighted in red). Note that the hydrogenbonding residues at 562 and 563 in human iNOS differ among the three NOS isoforms, as highlighted in yellow
Materials and methods
Construction of S562K, C563R, and R536E mutant plasmids of human iNOS oxyFMN
The human iNOS oxyFMN mutants were prepared by sitedirected mutagenesis on a pCWori ? vector containing complementary DNA of a wild-type iNOS oxyFMN construct, which consists of residues 71-723 of the full-length human iNOS enzyme [35] . The primers for the mutations are listed in Table S1 . Site-directed mutagenesis was performed using a QuikChange mutagenesis kit (Agilent Technologies-Stratagene, La Jolla, CA, USA). The mutated plasmids were confirmed by DNA sequencing at the University of New Mexico DNA Research Services.
Protein expression and purification
The iNOS oxyFMN plasmid was cotransfected with CaM expression vector (p209) into Escherichia coli BL21(DE3) cells by electroporation (MicroPulser, Bio-Rad). The iNOS protein needs to be coexpressed with CaM in vitro because of its tendency to aggregate when residues of the highly hydrophobic CaM-binding region are exposed to an aqueous environment. The transformed cells were grown at 37°C in terrific broth in the presence of 100 mg/L ampicillin and 34 mg/L chloramphenicol. The protein expression was induced by adding the induction cocktail (0.5 mM isopropyl b-D-thiogalactopyranoside, 0.4 mM d-aminolevulinic acid, and a pinch of riboflavin) when the cell culture reached an optical density at 600 nm of 1. After incubation at 25°C for 40 h, the cells were harvested at 4°C. We obtained 50-60 g wet cell pellets from 4 L culture medium.
The cells were resuspended in the lysis buffer (pH 7.5) containing 40 mM tris(hydroxymethyl)aminomethane (Tris)-HCl, 10 % glycerol, 250 mM NaCl, three complete protease tablets (Roche), 10 lM H 4 B, and 50 mg/mL lysozyme. The cells were lysed using a digital sonifier (Branson, model 250). The lysate was centrifuged in a type 70Ti rotor using an ultracentrifuge (L7, Beckman) at 30,000 rpm for 40 min at 4°C. The supernatant was then loaded onto a Co 2? -chelating column (Talon metal affinity resin, Clontech) preequilibrated with five bedvolume equilibration buffer (40 mM Tris-HCl, 10 % glycerol, 250 mM NaCl, pH 7.5). The column was washed with ten bed-volume wash buffer (40 mM TrisHCl, 10 % glycerol, 250 mM NaCl, 15 mM imidazole, pH 7.5) and the contents were then eluted with a 15-150 mM imidazole gradient in the elution buffer (40 mM Tris-HCl, 10 % glycerol, 250 mM NaCl, pH 7.5). The eluted protein was pooled, concentrated to about 500 lL, and dialyzed into the storage buffer (50 mM Tris-HCl, 10 % glycerol, 150 mM NaCl, 1 mM dithiothreitol, 4 lM H 4 B, pH 7.5). The proteins were concentrated to approximately 250 lM and stored at -80°C. The molar concentration of the protein was determined on the basis of the heme content via difference spectra of the NOS-ferrous iron-CO adduct [57] .
Laser flash photolysis CO photolysis experiments were conducted using an Edinburgh LP920 laser flash photolysis spectrometer, in combination with a Q-switched Continuum Surelite I-10 Nd:YAG laser and a Continuum Surelite optical parametric oscillator (OPO). A 446-nm laser pulse (out of the OPO module) was focused onto the sample cell to trigger the IET reactions. A 50-W halogen lamp was used as the light source for measuring the kinetics on millisecond to second timescales. An LVF-HL filter (Ocean Optics, Dunedin, FL, USA) with a band pass peaking at selected wavelengths (580 or 465 nm) was placed before the partially reduced protein sample to protect it from photobleaching and further photoreduction by the white monitor beam [28] .
Briefly, a 350-lL solution containing 20 lM 5-deazariboflavin and 5 mM fresh semicarbazide in pH 7.6 buffer (40 mM 1,3-bis[tris(hydroxymethyl)methylamino]propane (bis-tris propane), 400 mM NaCl, 2 mM L-Arg, 20 lM H 4 B, 1 mM Ca 2? , and 10 % glycerol) was degassed in a laser photolysis cuvette by a mixture of CO and Ar (with a volume ratio of approximately 1:3) for 90 min. L-Arg was present to keep oxidized heme in the catalytically relevant high-spin state. Aliquots of concentrated NOS protein were subsequently injected through a septum to achieve the desired concentration, and the protein solution was kept in ice and further purged by passing the CO/Ar mixture over the solution surface for 60 min (to remove minor oxygen contamination before being subjected to illumination). The protein solution in the cuvette was then illuminated for an appropriate period to obtain a partially reduced form of
The sample was subsequently flashed with 446-nm laser excitation to trigger the FMNheme IET, which can be followed by the loss of absorbance of FMNH
• at 580 nm, and/or the loss of absorbance of Fe(II) at 465 nm [35] ; see Fig. 3 for processes occurring in iNOS upon laser excitation. All the experiments were done at least twice. Transient absorbance changes were averaged and analyzed using OriginPro 8.5 (OriginLab, Northampton, MA, USA). The laser flash photolysis experiments were conducted at room temperature.
Fluorescence spectra of NOS
The NOS flavin fluorescence spectra were measured by a Cary Eclipse fluorescence spectrophotometer (Agilent Technologies) at room temperature. The iNOS protein (1-7 lM) in degassed buffer (40 mM bis-tris propane, 400 mM NaCl, 2 mM L-Arg, 10 % glycerol, pH 7.6) was filtered through a 0.2-lm membrane filter. A quartz cuvette of 1-cm path length was used for the experiments. All samples were excited at 446 nm, and the fluorescence spectra were recorded from 480 to 700 nm. The flavin fluorescence intensities at 525 nm were plotted versus protein concentrations. Linear regression analysis of the data gave the slope of the line for each sample (i.e., NOS flavin fluorescence per micromole per liter).
Analysis of the FMN content
The NOS flavin content was analyzed using an analytical high-performance liquid chromatography system (Agilent 1200) equipped with a C 18 reversed-phase column (250 mm 9 4 mm) fitted with a 4 mm 9 4 mm C 18 guard column. Briefly, the iNOS protein (5-6 lM in water) was heated for 5 min at 95°C, chilled for 5 min on ice, and then centrifuged for 10 min. The supernatant was kept at 0°C in the dark until it was analyzed by high-performance liquid chromatography. FMN was detected from the absorbance at 445 nm, and its concentration was obtained by using a calibration line of free FMN (0.1-100 lM).
Modeling of the CaM-FMN(iNOS) hinge region
The models of the hinge regions of the human iNOS mutant proteins were constructed by starting with the X-ray crystal structure of the human iNOS FMN domain/CaM complex (Protein Data Bank ID 3HR4). S562, C563, and R536 were replaced (keeping the rest of the structure unchanged) by Lys, Arg, and Glu respectively, using the Rotamers tool in UCSF Chimera (version 1.5.3; http://www.cgl.ucsf.edu/chimera) [58] . The Richardson rotamer library [59] was used and the rotamer was selected on the basis of probability.
Results
Protein expression and general properties
The human iNOS oxyFMN S562K, C563R, and R536E mutants were overexpressed in E. coli with yields similar to those obtained for the wild-type protein. The sodium dodecyl sulfate polyacrylamide gel electrophoresis (Fig. S1 ) confirmed the size of the recombinant proteins. The iNOS proteins have typical spectral features: (a) the UV-vis absorption spectrum of the oxidized sample in the presence of L-Arg has the Soret maximum at 396 nm, typical of a high-spin five-coordinated heme protein, and flavin peaks at 450 and 480 nm and a characteristic highspin ferriheme charge transfer band at 650 nm (Fig. S2) ; (b) the integrity of the protein was further confirmed by the lack of conversion to a P420-type species upon dithionite reduction in the presence of CO (red trace in Fig. S2 ).
Electron transfer between the heme and FMN domains in partially reduced iNOS oxyFMN proteins As expected [35] , CO dissociation by laser photolysis of the [Fe(II)-CO][FMNH • ] form results in a spectral ''transition'' (i.e., a change in direction of the absorption changes over time) in the 580-nm traces of the S562K and C563R mutants. Figure 4 shows traces of the S562K mutant: a rapid decay (with a rate constant of 205.1 ± 1.2 s -1 ) below the preflash baseline (Fig. 4a) , followed by a much slower recovery to the baseline (with a rate constant of 1.70 ± 0.02 s -1 ) on a longer timescale (Fig. 4b) . The rapid absorbance decay at 580 nm (Fig. 4a) . This interdomain electron transfer (IET) process can be followed at 580 nm (which is due to FMNH
• reduction), and 465 nm (which is due to net oxidation of heme). A CO/Ar (approximately 1:3 v/v) mixture is used to slow down the CO rebinding (reaction 2), making it a poor competitor for the IET (reaction 3). The 465-nm trace has larger amplitude (compared with the 580-nm trace), which is due to much larger absorption coefficients of the heme species than the flavin species in NOS [35] . This makes it possible to determine the IET kinetics of NOS samples whose IET can be barely observed at 580 nm, which is the case for the R536E mutant in this work. confirming an intraprotein process. It is also important to note that the observed IET rate constant for the wild-type human iNOS oxyFMN (Table 1) agrees well with the reported value that was determined using another laser flash photolysis apparatus for iNOS oxyFMN preparations in a different laboratory [35] . We could hardly observe the spectral transition in the 580-nm traces for the R536E mutant. Importantly, our previous studies clearly showed that the FMN-heme IET in iNOS can be also monitored using the absorbance decrease at 465 nm, which is due to net oxidation of heme in Eq. 1 [35] (Fig. 3) . Indeed, using the current laser flash photolysis apparatus, we obtained similar IET rate constants for the wild-type iNOS oxyFMN protein by measuring transient traces at 580 and 465 nm (Table 1 ). This was also the case for the S562K and C563R mutants; a typical 465-nm trace of the S562K mutant is shown in Fig. 5 . The 465-nm trace has larger amplitude compared with the 580-nm trace in Fig. 4 , which is due to much larger absorption coefficients , and 10 % glycerol). The solid line corresponds to a singleexponential fit to the data , and 10 % glycerol, pH 7.6. The final iNOS protein concentration was approximately 10 lM. The FMN-heme interdomain electron transfer kinetics in wild-type, S562K, and C563R human iNOS oxyFMN proteins could be monitored at both 580 and 465 nm, whereas it was only observable for the R536E mutant at 465 nm b The buffer was 40 mM bis-tris propane, 400 mM NaCl, 2 mM L-Arg, 10 % glycerol, pH 7.6 , and 10 % glycerol). The solid line corresponds to a single-exponential fit to the data. The amplitude of the 465-nm trace is greater than that of the 580-nm trace (Fig. 4) of the heme species than the flavin species in NOS [35] . This offers an alternative way to determine the IET rates of NOS samples whose IET can be barely observed at 580 nm.
The IET rate of the R536E mutant was thus determined by monitoring the absorption change at 465 nm. Similarly, upon CO photolysis, the absorption at 465 nm of the partially reduced R536E decays below the baseline owing to oxidation of Fe(II) as in Eq. 1 [35] with a rate constant of 13.6 ± 0.2 s -1 (Fig. 6a) , followed by a slower recovery toward the baseline (Fig. 6b) . We did not attempt to estimate the rate constant for the slow recovery phase because of the significant overlap between the IET and CO rebinding processes on this timescale (Fig. 6b) . The comparable IET and CO rebinding rates most likely contribute to the observed small amplitude of the kinetics trace because the two processes compete for free Fe(II) species, and their absorption changes are in opposite directions [35, 39] .
The IET rate constants of the wild-type and mutant iNOS oxyFMN proteins are listed in Table 1 . There is an about one third decrease in the IET rate constant for the S562K mutant compared with the wild-type protein, whereas the C563R mutant has a similar IET rate constant. On the other hand, the IET rate of the R536E mutant is decreased significantly by 96 %. The slower IET rates in the S562K and R536E mutants are not caused by loss of FMN, as all mutants and the wild-type contain a similar amount of FMN (0.8 FMN per protein chain; see Fig. S3 ).
Fluorescence spectra of the NOS flavin cofactor Flavins bound to a protein can exhibit either enhanced or quenched fluorescence to a degree that is both specific and characteristic of the particular protein. The characteristic fluorescence of NOS flavin at 525 nm is a sensitive probe of the local environment of the FMN cofactor (including solvent exposure) [48, 60] . Additionally, the association between the NOS heme and FMN domains triggered by CaM binding can place the FMN molecule close enough to the paramagnetic heme for the FMN fluorescence to be quenched [51] . Indeed, addition of EDTA, a calcium chelator, into the wild-type human iNOS oxyFMN sample resulted in a correlated increase in the NOS FMN fluorescence (Fig. S4) . A similar result was obtained when the three mutant iNOS oxyFMN proteins were treated with EDTA (data not shown). The fluorescence results and our previous IET kinetics data [37] indicate that EDTA deactivation of CaM causes the FMN domain to move away from heme. Heme quenching and solvent exposure may thus both affect flavin fluorescence in NOS enzymes.
We measured the fluorescence spectra of the human iNOS oxyFMN proteins under identical conditions (i.e., protein concentration, buffer, and fluorometer settings) (Fig. 7a) . A change in the fluorescence intensities of the mutants can be noted from the observed spectra, indicating that the mutations have an effect on the local FMN environment. Additionally, the fluorescence intensities (per micromole per liter) of the oxidized proteins were determined (Fig. 7b, Table 1 ). It is evident that all the mutants exhibit lower fluorescence per micromole per liter than the wild-type protein, and that R536E possesses the lowest flavin fluorescence per micromole per liter.
Discussion
Compelling evidence indicates that the requirement of CaM for iNOS is associated with proper alignment of the FMN and heme domains in the output state [53] . The mechanism of CaM binding to and activation of the iNOS enzyme is poorly understood [61] , and it is thus of significant importance to investigate the detailed molecular mechanism of CaM-dependent promotion of the FMN/ heme interactions in iNOS in order to understand how CaM specifically regulates the functions of NOS isoforms by key CaM/NOS interactions.
On the basis of the crystal structures of a CaM-bound human iNOS FMN domain, the R536(NOS)/E47(CaM) bridging interaction (Fig. 2a) was predicted to regulate the IET from FMN to heme by adjusting the relative orientation and distance between the two cofactors [19] . The importance of the bridging interaction in CaM activation of the nNOS isoform is supported by recent kinetics studies of nNOS mutants at the conserved Arg [54, 55] . In line with the previous results, the present study showed that the Arg to Glu mutation at the conserved human iNOS R536 residue remarkably decreases the FMN-heme IET rate (by approximately 96 %), indicating that the FMN/heme alignment is disrupted by introducing an opposite charge at this site via repulsion between E536(NOS) and E47(CaM); see also Fig. 8 below.
In this study, we also investigated the roles of isoformspecific human iNOS S562 and C563 residues in the FMNheme IET, whose backbone oxygens form hydrogen bonds with the conserved R536 residue (Fig. 2) . The FMN-heme IET rate constant of the S562K mutant is notably decreased by one third (compared with the wild-type), whereas for the C563R mutant the IET rate constant is similar to that for the wild-type ( Table 1 ). The flavin fluorescence intensity (per micromole per liter) of the S562K mutant is also decreased, by approximately 24 % (Fig. 7b) . These results support a model in which introducing a positive charge at S562 disfavors the hydrogen-bond-mediated NOS/CaM alignment, resulting in disturbance of the interdomain FMN/heme alignment and slower FMN-heme IET. On the other hand, the IET kinetics properties of the C563R mutant are similar to those of the wild-type. The negligible effect of the Cys to Arg mutation is rather surprising. Our modeling studies (see below) suggested that the C563R mutation causes a possible structural perturbation elsewhere, which could account for the fact that the C563R mutation can be accommodated in the complex without a major change in the IET of the protein. The residue at this position in wild-type human eNOS (K543) is also positively charged. This suggests that position 563 is accommodating and has more tolerance of variation in the types of amino acids.
The fluorescence results (Fig. 7, Table 1 ) indicate that the FMN environment in the mutants differs from that of the wild-type. The diminished fluorescence (per micromole per liter) in the mutants is possibly attributed to the altered local FMN environment in which FMN becomes more solvent accessible. We are aware of the discrepancy between the similar IET rates and the decreased fluorescence intensity of the C563R mutant (compared with the wild-type). Therefore, a direct correlation of changes between the IET rates and the flavin fluorescence properties of each mutant protein may not exist. However, this is not necessarily surprising since a modified flavin environment does not need to equate to a change in the alignment of the FMN and heme Fig. 7 a Fluorescence spectra of wild-type, S526K, C563R, and R536E human iNOS oxyFMN proteins. The protein concentrations were each 5 lM, and the measurements were performed under the same conditions. b Flavin fluorescence intensity (at 525 nm) versus the protein concentration; the fluorometer photomultiplier tube voltage was lowered (relative to that for a) to cover the whole range of protein concentrations (1-7 lM). The value of the slope for each protein (obtained by linear regression analysis of the data) is listed in Table 1 , and is depicted in the inset in b. Fluorescence intensities of as-isolated proteins were determined at the indicated concentrations by excitation at 446 nm and by monitoring emission at 525 nm. The buffer was 40 mM bis-tris propane, 400 mM NaCl, 2 mM L-Arg, and 10 % glycerol, pH 7.6. The data are representative of two experiments. wt wild-type domains. The mutant-associated decrease in flavin fluorescence could be due to a combination of solvent accessibility and heme quenching. Heme proximity alone cannot be assumed sufficient for electron transfer. The proper alignment of the heme and flavin centers for IET does not necessarily result in the highest possible degree of quenching. In the absence of NOS holoenzyme crystal structures, it is difficult to envisage how CaM interacts with the NOS domains, and if the interactions are different in the NOS proteins. It is thus important to utilize other techniques to provide insight into the interdomain FMN/heme alignment. We have recently used pulsed EPR techniques to directly measure the FMN-heme distance [26] and relative orientation [62] in iNOS. Such study is important because protein electron transfer is primarily controlled by the distance between and orientation of the redox centers [63] . Thus, a comparative study of the interdomain FMN-heme distance and orientation in the NOS samples is needed to determine if the FMN/heme alignment differs significantly. Such studies are in progress. Additionally, the present work was conducted on the bidomain oxyFMN construct, a model of the NOS output state for NO production [56] . It is necessary to examine the full-length enzyme so that the effects of the amino acid replacements on the NOS enzyme activity and the IET kinetics can be assessed.
We further evaluated the effects of the individual mutants on the IET rates by generating model structures based on the reported crystal structure of a CaM-bound human iNOS construct (which includes the CaM-binding region and the FMN domain) [19] . The resulting model structures are represented in Fig. 8 . For the S562K model, the highest-probability rotamers have their positive e-amino group between 3 and 6 Å from the side chain amino group of R536. This potentially introduces a positive charge in the vicinity that would create an unfavorable electrostatic repulsion interaction between the e-amino group of K562 and the side chain guanidine group of R536. This could disrupt the hydrogen-bonding network between the backbone of residue 562 and the side chain of R536 that stabilizes the interaction between R536 of iNOS and E47 of CaM. Such disturbance could account for the one-third decrease in the IET rate constant for the S562K mutant. On the other hand, the C563R mutation appears to cause a possible structural perturbation elsewhere in the FMN domain according to our model. This would unlikely disturb the hydrogen-bonding network in the hinge region (Fig. 2a) , which would account for a rate constant that is similar to that for the wild-type protein. Not surprisingly, our model indicates that the R536E mutation would cause the salt bridging and hydrogen-bonding interactions (which bridge the FMN domain to CaM) to be broken, which would account for the drastic 96 % decrease in the IET rate constant.
Biological electron transfer systems depend on proper interactions between proteins/domains that shuttle electron(s) [64] [65] [66] . Imperfect FMN/heme alignment in the R536E mutant is more likely the cause of the diminished IET rate. Note that R536 is at the end of the CaM-binding region. On the other hand, the notable but smaller decrease in the IET rate of the S562K mutant clearly indicates that specific interactions of S562 outside the CaM-binding region are compatible with efficient FMN-heme IET by stabilizing the IET-competent conformation of the FMN/ heme complex. The interactions between CaM surfaces and NOS domains outside the CaM-binding region are secondary to that of the CaM-binding linker in changing the FMN-heme IET, as indicated by a much smaller decrease in the IET rate of the S562K mutant (compared with the R536E mutant). This is consistent with previous studies showing that CaM binding to NOS is the primary factor in modulating the FMN-heme IET [38] .
It is important to note that the S562K mutant mimics the nNOS environment near the bridging site (Fig. 2b) . At least one charged residue exists at the two hydrogen-bond- Fig. 8 Comparison of the tentative interaction network in the hinge region of the CaM-bound human iNOS mutants. The wild-type figure generated from Protein Data Bank file 3HR4 [19] shows key residues in its hinge region. Salt bridges and hydrogen bonds between R536(NOS) and its adjacent residues in CaM (Asn42 and Glu47) and forming-residue positions in eNOS and nNOS, whereas the residues are both neutral in iNOS. On the basis of the solved CaM-bound iNOS FMN domain structure, the charged residues in eNOS/nNOS may interfere with the bridging Arg-Glu ionic bond by repelling the conserved Arg (Fig. 8) . Here, the positively charged eNOS R542/ K543 and nNOS K783 residues would disrupt the hydrogen bonds of the conserved Arg that exist in iNOS. This would weaken the association between CaM and the eNOS/nNOS isoform, giving IET rates in the order eNOS \ nNO-S \ iNOS. A similar order has been observed for the IET rates of the full-length NOS isoforms (eNOS \ nNO-S & iNOS) [35, 39, 40] . Owing to the critical role of R536-mediated interactions in controlling the relative orientation of the FMN domain and CaM [19] , it will be intriguing to test a new model in which the difference in the hydrogen-bond-forming residues contributes to the different IET rates and catalytic activity in the NOS isoforms. IET kinetics and spectroscopic studies of the nNOS and eNOS mutants at the equivalent isoform-specific sites should provide insight into the role of the hydrogen-bondforming residues in the regulation of NOS isoforms.
In summary, we have demonstrated a new regulatory role in the FMN-heme IET for an isoform-specific Ser residue positioned in a key CaM/FMN(NOS) bridging site. The IET kinetics results, along with the X-ray crystal structural data of a CaM-bound human iNOS construct [19] , indicate that human iNOS S562 is involved in the FMN/heme alignment by forming a hydrogen bond with the pivotal bridging NOS/CaM site, and that the hydrogenbond-mediated effect is site-specific.
